en 



c^ 



Highly sensitive, photon number resolving detectors 
mediated by phonons using 5-doped GaAs 



o 

^ : transistors 



Xiulai Xu,*'"'" Hugh Baker,* and David A. Williams''' 



Q_> I Hitachi Cambridge Laboratory, Hitachi Europe Ltd., J J Thomson Avenue, Cambridge CBS OHE, 

-(— > ■ 

Q-i| United Kingdom, and Microelectronics Research Centre, Cavendish Laboratory, University of 

Y^ \ Cambridge, J J Thomson Avenue, Cambridge CBS OHE, United Kingdom 



E-mail: Ixx757 0)cam. ac.uk| 



Abstract 

o 

■^ ■ We report a photon number resolving detector using two-dimensional electron gas (2DEG) 

l/^ ■ based transistors. When the photon pulses impinge on the absorption region, the generated 

o. 

O . phonons dissipate ballistically in the 2DEG toward the trench isolated nanowire transistors near 

the surface. The phonon-electron interaction induces a positive conductance in the transistors, 

r> ' resulting in a current increase. With this principle, we obtain an internal quantum efficiency 

5-j ' 



for this type of detector of up to 85%. 

Highly sensitive photon detection is in demand for the implementation of quantum infor- 
mation processing- and improved optical sensors.- Recently, several photon number resolved 
(PNR) detectors have been demonstrated using superconducting nanowires,-2il quantum dot gated 
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field-effect transistors,^ superconducting transition-edge sensors,-^ visible light photon counters,- 
charge integration photon detectors,- silicon photomultipliers ^'^ and avalanche photodiodes.— 
Among them, there are two types of PNR detector. One assembles multiple pixels to increase 
detection area-*^ while the other only has a single detector element.-'^'^ In the first case, only the 
photon number can be counted and it is not possible to resolve which pixel detected the photons. In 
contrast, the single element detector gives the chance to resolve photon energy and photon number 
when the photons impinge on the absorber. In semiconductor-based optical detection, optical to 
electrical conversion is normally realized by optically generated carriers in semiconductors .-'^'^'^ 
The generated carriers either change the device current directly or act as a gate through capacitive 
coupling. Because of the recombination of the carriers, the sensitivity of the photon detection is 
intrinsically limited, which restricts the use of such devices for high sensitivity applications. How- 
ever, phonons are also created with optical excitation, ^-^ and it is possible to use these optically 
generated phonons for photon detection. 

When light with a photon energy larger than the band gap is absorbed by a semiconductor, 
charge carriers are generated with a certain kinetic energy. The excited electrons and holes then 
typically relax down to the conduction and valence band edges via phonon emission. If the excess 
energy is larger than the energy of one LO phonon, then LO phonons are emitted, rapidly decaying 
to acoustic phonons within several picoseconds;— otherwise, only acoustic phonons are expected. 
When photon pulses impinge on an absorption region, the generated phonons dissipate ballistically 
in the first instance. 

In this letter, we report a photon number resolving detector, which comprises an absorption 
region and two nanowire transistors, as shown in Figure 1 (a) and (b). When photons impinge 
on the absorption area, phonons are generated and then dissipated in a ballistic way towards the 
transistors aided by the phonon focussing effect. The phonons reflected by the superlattice buffer 
layer, and the back surface of the wafer, can be absorbed by electrons in the nanowires, increasing 
their conductance. The quantum efficiency of this type of photon detector can be up to 85%. 

When the phonons propagate towards the trench-isolated nanowire transistors nearby (as shown 



in Figure 1 (a)), they can be absorbed by the transistors across the trench because of the reflection 
from the superlattice layer and the back surface of the wafer.— i^ Hot phonons have been detected 
laterally using a 2DEG based nanowire transistor.— ^^ Here we focus on the optically-generated 
phonon assisted effect. In a two dimensional electron gas (2DEG) system, the transport properties 
depend largely on electron-electron and electron-phonon interactions. When the electron-electron 
interaction is much faster than the electron-phonon processes, phonon absorption will increase 
the electron energy, generally resulting in a conductivity change.— >2S 5-doped GaAs has been 
demonstrated to be a good candidate of this type of system— because of the strong scattering by 
impurities. Recently, a positive phonon-conductivity has been demonstrated in a quasi-2D 5-doped 
GaAs based nanowire device, resulting in an increase (up to 40 /iS/square) in the drain current of 
the transistor.— With this principle, we expect optically-generated phonons will induce a current 
increase, allowing photon detection. 

A Si 5-doped GaAs wafer with a carrier concentration around 5 x 10^^ cm^, about 30 nm 
below the wafer surface, was used for these optical detection devices. A superlattice buffer layer 
around 200 nm was grown on the GaAs wafer to minimise defect propagation from the substrate 
into the active region. A buffer layer of GaAs was then deposited with a thickness of 1 .5 jim 
before the 5-doped layer growth. The device mesa was patterned using standard electron-beam 
lithography and reactive ion etching techniques. A layer of polymethylmethacrylate (PMMA) 
electron beam resist with a thickness around 700 nm was used as an etch mask during the etching 
of the isolation trenches. Ohmic contacts to the electrodes were formed by annealing a deposited 
Au:Ge:Ni alloy at 420 °C. The depth of the mesa trench is about 1 /im. A cross section through the 
device is illustrated in Figure 1 (c). Although the lithographic size of the wires is 100 nm, surface 
depletion means that the electrical width of the wire is much smaller, and can be controlled by the 
lateral gate electrode. 

The device was mounted onto a cold-finger cryostat, and measured at a temperature of around 
8.0 K. A DC bias from a low-noise voltage source in series with low-noise filters was applied 
to each drain lead and to the gates of both transistors. The gate voltages were optimized for 



sensitivity and visibility. The outputs of the source electrodes were fed into two low-noise current 
preamplifiers. A laser diode with emission wavelength at 808 nm was driven with a dc bias and a 
superimposed voltage pulse from a function generator. The frequency can be tuned from 0.01 Hz to 
200 MHz. The power from the laser was carefully calibrated and attenuated using neutral density 
filters. Each neutral density filter was calibrated separately to obtain an accurate light intensity. 
The variation of the stability of the laser diode driver is around 0.5 % and the error of the photon 
number calibration is about 1%. The laser light after the attenuators was focused to the absorption 
area using a long working distance objective (x 100). The beam spot is about 5 /im in diameter, 
as shown in Figure 1 (a). The reflection from the surface of the absorption area is about 27.6 ± 2 
%, which was calibrated using a beam splitter before the objective. This value corresponds well 
to the result (28.3 %) calculated by the Fresnel equation with a refractive index for GaAs of 3.3. 
The average photon number referred to in this paper is the photon number incident on the chip, 
excluding the reflection from the surface. 

Figure 2 (a) shows the source-drain current of one of the transistors as a function of gate voltage 
at different drain voltages. A typical transistor characteristic can be observed and the drain current 
is saturated when the gate voltage is around 0.5 V. This transistor can be operated as a single 
electron transistor at 4.2 K or even in the optical cryostat at 8K, which means it is very sensitive to 
changes in local charge distribution to well below the single-electron level. 

To demonstrate the phonon-induced conductance of the transistors, the temperature-dependent 
conductance of one transistor is plotted in Figure 2 (b). It can be seen that the conductance in- 
creases when the temperature increases from 8 to 14 K. This indicates the positive phonon-induced 
conductance (PIC) in the nanowire transistors. Assuming the time of electron-phonon interaction 
is much greater than the time of electron-electron collisions, ^^ it is possible to observe positive 
PIC when the length of a wire is longer than the elastic mean free path.^^ This positive PIC is due 
to the increase of electron temperature under the absorption of phonon flux, which is given by— 

5c7^ 1 1 1 



where Go = e^ /{iK^fi), kg is the Bohzmann constant and Tq is the temperature before heating. 
The solid line (red) shows the fitted results in Figure 2 (b). In this case, the electron temperature is 
same as the crystal temperature. It should be noted that for the weak light detection, especially for 
the photon number resolved detection in this work, the photon induced crystal temperature change 
can be neglected, being much less than 1 mK. 

Further evidence for an optically generated phonon-induced positive current can be found by 
biasing the two transistors relative to one-another. The two transistors were floated and a bias 
voltage was applied between them. With this lateral field, the electron-hole pairs generated by 
optical pumping will be separated; electrons moving to one transistor and holes to the other. The 
top (bottom) panel in Fig. 2 (c) shows the optical response of the low (high) potential transistor. 
At the transistor with low (high) potential, holes (electrons) move towards it and act as a positive 
(negative) gate voltage, resulting in a current increase (decrease) at low optical power. For the 
transistor at high potential, the current decreases only at low optical power (1% of the laser power, 
the bottom trace). When the optical power is increased to 10%, the current decreases quickly due 
to the negative charge gating, then increases slowly, which we ascribe to the heating effect. With a 
power around 30%, no negative gate effect can be observed. 

To perform single-shot measurements, the laser diode was modulated at 1 Hz, and the drain 
currents were measured by a voltage meter via low-noise current pre-amplifiers. Figure 3 (a) shows 
the single-shot measurements of photon induced current of one of the transistors with an average 
photon number (/I) in each pulse of 8.9 x 10^ and 712, respectively. The current builds up within 
the optical pulse up to about 2 /iA and then decreases slowly. When /I decreases, the amplitude of 
the current peaks reduces. With /I at 8.9 x 10^, the current continues to increase about 50 ms after 
the optical pulse is switched off, then decreases. This slower response, compared with the results 
in ref [22], is due to the low-pass filters in this measurement. It should be noted that the current 
did not drop to the equilibrium level at high optical power before the next pulse arrived, therefore 
the current increase does not linearly depend on the power. The responses of the two transistors 
are similar. The current change can be measured when the laser intensity was attenuated to a few 



photons per pulse. The real-time signal with QT) from 1.6 to 8.2 per pulse is shown in Figure 3 (b). 
We concentrate on low photon number detection here because the conductance does not always 
respond linearly with phonon number.— 

In order to confirm photon number resolution, histograms of the current change of the two 
transistors were constructed, as shown in Figure 4. Figure 4 (a)-(d) and (e)-(h) show the histograms 
of Transistor 1 and Transistor 2 respectively, with average photon number /I of 0, 0.63, 1.15, and 
1.69. It can be seen that each number of photons can be well resolved. The solid blue line is the 
sum of a series of Gaussian functions with the same peak separation. The average current increase 
for one photon step is approximately 0.50 ± 0.05 nA. The photoconductive responsivity of these 
devices is around 2.6 x 10^ AAV. The overall envelope current histogram in each /I shows a Poisson 
distribution, as would be expected from the photon number distribution in laser pulses. Figure 4 
(i)-(l) shows the calculated Poisson distribution with average photon number of 0, 0.50, 0.99, 1.35, 
which corresponds to the /I when considering the quantum efficiency of 80 %. It can be seen that 
the observed results are in accordance with what was expected from theory. The intensities of 
and 1 photon peaks in Figure 4 (c) and (g) slightly deviate from the theory shown in Fig. 4 (k), 
which may be due to the laser spot being slightly off-centre. Because of the overlap between two 
adjacent Gaussian peaks, the accuracy of determining the photon number is around 85±5 %. 

By counting the photon numbers measured within the each number state bin, and considering 
the Poisson distribution of photons from a laser, the internal quantum efficiency can be calculated. 
Figure 5 shows the internal quantum efficiency as a function of each photon number state. It can be 
seen that the quantum efficiency varies from 70 % to 85 % with an error bar about 5 %, and does not 
change very much up to 4 photons. This internal quantum efficiency is comparable to that of charge 
integration photon detectors- and slightly lower than that of the superconducting transition-edge 
sensor. ^ It should be noticed that the quantum efficiency here represents the proportion of detected 
photons for a given number of absorbed photons. This is different from the efficiency of optically 
generated phonons detected by the transistors: The photon detector counts once when there are 
phonons absorbed by the transistor, which can be a small percentage of the phonons generated by 



each photon. 

The dark count rate is about 0.08 per second with a discrimination level of 0.25 nA, which 
is due to the noise from the nanowire devices without passivation. For PNR detectors, the noise 
equivalent power (NEP) is usually defined as NEP = {hv/r})\/2R,^ where hv is the photon en- 
ergy, T] is the detection efficiency and R is the dark count rate. It gives a NEP for our devices of 
about 1.23 X lO^^^W/y/Hz. The current responsivity is about 2.6 times of that of quantum dot 
gated field-effect transistors for the detection of one photon.^ We noticed that the NEP can be 
as low as lO^^^W / \^Hz, when the light is shining directly on one transistor. However, a single 
transistor device is not practical for photon detection because of the small absorption area. This 
high sensitivity is due to the following reasons: At a low temperature (less than 10 K), the gen- 
erated acoustic phonons dissipate ballistically at the speed of sound.— Because of the anisotropy 
of the GaAs crystal structure, the phonon phase and group velocities are not colinear, resulting in 
a phonon focusing effect.— "^"^ Karl et ah— observed the phonon focusing pattern on the 2DEG 
by measuring the phonon-drag voltage pattern. When light impinges on the 2DEG, the generated 
phonons propagate along the {100} planes and {110} planes, which correspond to the fast trans- 
verse phonons and slow transverse photons, respectively. In this work, the detection devices were 
patterned along the [100] direction, as shown in Figure 1 (a). 

Another reason for this high responsivity might be due to resonant excitation. For Si 5-doped 
GaAs, the main luminescence peak is around 830 nm at 8 K, which is ascribed to a donor to 
Si acceptor transition. The energy difference between the laser diode (808 nm) and the main 
luminescence peak is around 37 meV, which is similar to the optical phonon energy (around 36 
meV) in GaAs. The phonon emission can be enhanced at this resonant condition because of the 
resonant enhancement of inelastic light scattering by the 2DEG.-2^^ 

In conclusion, we have demonstrated an ultra-high sensitivity photon detector using 5-doped 
GaAs based devices, mediated by phonons. The photon number can be resolved up to 4 photons 
with an accuracy of 85±5 %. The responsivity is around 2.6 x 10^ AAV, where the NEP is about 
1.23 X IQ^^^W / \/Hz. The internal quantum efficiency is measured to be around 80%. Overall, 



we believe this phonon mediated optical sensor offers a new approach for highly sensitive photon 
detectors using semiconductor-based devices. 
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Figure 1 : (a) A SEM image of a photon detection device. Two trench isolated nanowire transistors 
were separated with a distance of around 30 jim, between which the absorption area is located. 
The laser was focused on the central region of the absorption area (bright spot), (b) An enlarged 
SEM image of one of the transistors. The width of the nanowire is about 200-300 nm, with a length 
of 800 nm. The separations between gate/absorption region and the nanowire channel are around 
500 nm. (c) A cross-section sketch along the centre of the device in (a). 
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Figure 2: (a) A typical transistor drain current as a function of gate voltage for different source- 
drain voltages, (b) Conductance of one nanowire transistor as a function of substrate tempera- 
ture. The solid line (red) shows the fitted result with the phonon induced conductivity theory, (c) 
Optical-induced current change with different optical intensities with a biased voltage between two 
transistors. 
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Figure 3: (a) Normalized drain current changes of one of the two transistors with average photon 
numbers of 8.9 x 10^ (top trace) and 712 (bottom trace) respectively at 1 Hz. The green rectangular 
trace shows the SYNC signal from the laser diode driver. The current traces are normalized to the 
maximum current intensities and shifted for clarity, (b) The real-time signal of current increase 
with (/T) varying from 8.2 to 1.6. 
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Figure 4: Histograms of detected photon number corresponding to the binned current changes of 
the two transistors with JI at 0, 0.63, 1.15 and 1.65 (a)-(h). The solid blue line is the envelope 
of the fitted Gaussian peaks in each panel. The photon number states are marked in (d) and (h). 
(i)-(l) are calculated Poisson distribution of /I at 0, 0.5, 0.99 and 1.35, which are corrected average 
number from (a)-(h) with an internal quantum efficiency at 80 %. 
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Figure 5: Internal quantum efficiencies, corresponding to the measurements in Figure 4, as a 
function of photon number state. 
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